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Abstract 

National technology ettorts are underway to improve performance and 
juraoility of gas turbines for aerospace anu terrestrial applications. High 
performance - tngh technology inaierials are among me technologies tliat are 
required to allow the fruition of such improvements. Materials trends in 
not section components are reviewed, and materials tor tuture use are 
Identified. For combustors, airfoils, and disks, a common trend of using 
multiple material construction to permit advances in teclinology is 
identified. 


Int rod uction 

ivational technology efforts are underway on aircraft, space, and 
automotive turbines as well as on ground electric/industrial power tur- 
bines. In each case Irgli temperature, high performance materials are the 
key to improved per»^ori.idnce anu optimum operation (Fig. 1). The iiiaximum gas 
temperatures, design lives, and other important operational factors for some 
Of these systems are summarized in faule 1. 

Ihe U.5. has long held a dominant position in world aircraft gas tur- 
bine engine markets. In order to mainlaiii this position, a wide range of 
Lecnnology efforts are underway aimed at reducing fuel consumption as well 
as lowering iiiainLenance costs and improving component durability. Due such 
effort IS the Na5m Energy Efficient Engine (t^) program. It lias a goal of 
providing the technology to reduce fuel consumption of advanced commercial 
aircraft engines oy at least Iz percent over that of current engines.^ 

Ill IS IS especially important since fuel costs have escalated rapidly in the 
last ten years and not» represent about half of the airlines' direct operat- 
ing costs. 5uch aiivanced engines will operate at temperatures over 1J4U* C 
(Z4bU" F), similar to upgraded commercial engines, but will gain efficiency 
by operating at increased pressure ratios of about Under these 

operating conditions neat transfer rates will be significantly increased; 
thus, either materials temperatures will rise or improved cooling approaches 
will be required. In addition, higher stresses on airfoils and disks may 
also be expected, concepts involve segmented cast combustors, direc- 
tionally solidified or single crystal blades, etc. If such advanced mate- 
rials can also be incorporated into a turboprop engine system and if ad- 
vanced composite propellers can be developed, the potential exists for a 
mach u.u turboprop aircraft engine which may use 3u percent less fuel than 
the turoofan engines currently in the commercial fleet. ^ Ihe primary air- 
craft turbine materials needs involve sustained strength at nigh tempera- 
tures, plus mission and service lives of critical parts extending to at 
leait y uuu hours. 


For bpace Shuttle main engine turbopumps, again nigh pertormance, very 
high specific power, and reliability are inanuatory. Uue to tne lUO mission 
reuse requirement, lives of at least ten hours are needed. Ihe hign pres- 
sure steam/ Hydrogen environment*^ causes very high heat transfer rates 
which result in extraoruinary ihermal fatigue uemands. 

Uil-fired gas turbines have become wiuely used by electric utilities 
10 provide peaking power and oy industry to provide back-up power in emer- 
gencies. In the utility area, attention has also been focused on fuel 
flexiDility - developing iiot-corrosion-resistant materials tnat allow these 
turbines to burn low cost residual oils containing vanadium, sulfur, etc. 
without catastrophic not corrosioi attack, lecnnology efforts now underway 
are aimed at extending the use of gas turbines to base-load service by com- 
bining them in "topping" cycles for steam boilers to improve electricity 
conversion efficiency.* boon such "topping cycle" turbines will be fired 
on low btu gas from coal. In tins way Hydrogen sulfiue can be removed from 
tne gas before turbine combustion allowing coal to be "burned" efficiently 
and in a more environmenta I ly acceptable manner. In the future, technology 
efforts such as the tlectric Hower Kesearcli Institute's (l.HK!) High- 
Keliability oas lurbine lombineu - Cycle Program*^ anu UUt's (Uepartment 
of energy) High lemperature lurbine lecnnology (Hill) Program may result 
in SUCH turbines operating at inlet temperatures of ~117b -IbbU* C, 
(^ibU‘-^8c'U* F) about the same or greater than aircraft gas turbines but for 
times to bU UUU hours. Here, tor example, one approach proposes the use of 
water cooleu airfoils,^ turbine disks, etc. to maintain low metal tempera- 
tures so as to achieve long life. Tnerefore, materials are needed with both 
good aqueous and environmental corrosion resistance. 

bninlarly, technology attention nas been given to pressurized fluidized 
bed coal combustors. Here coal mixed with limestone is "fluidized" and 
burns at '■gUc'’-lUUU* C (lobU*-l8dU* F). Very low thermal NUx is thus 
generated. And, the oxioes of suliur formed during combustion react iiiiiie- 
diately with the limestone to form gypsum. The gas turbine in tnis concept 
ingests the hot bed gases (after most of the particulates have been removed 
in not cvclones) and drives the compressor to pressurize the bed. The pri- 
mary need is tor corrosion/erosion resistant turbine materials operating at 
only tne mouest temperature: of •'/0U’-9UU* L, ( lz:9t)'-16bO* F) but again cap- 
able of bt) UUU hours of uninterrupted service.® 

For an automotive gas turbine, very low engine cost requirements, high 
performance, and fuel flexibility needs dictate hot uncooled turbines and 
thus ceramic materials for static and rotating parts. There are several 
UUL-funued efforts directed toward generating and verifying suen ceramic 
tecnnology. liiese include the UUC Automotive bas lurbine Program (^Abl ) and 
tne Ceramics for Advanced lurbiiu. (trucks) engines Program tCAlt).^*^'^ 
buen turbines will be designed for at least J,bOO hours of operation at tur- 
bine inlet temperatures to izsu‘ L (ZibU* F). bood progress is being made 
in botli fabrication and ceramic materials technology for these applications. 

Ihus, Ingner temperature, higher strength, and more environmentally 
resistant materials appear to be needed for all gas turbine applications. 

Ine purpose of this paper is to examine the trends in high temperature mate- 
rials development and to provide some insight as to what the future holds, 
bince the primary components that require high temperature materials are 
combustors, turbine airfoils, and disks, tne material trends for these will 
be addressed. 




CoiiiDustor Materials 


In the past, combustor “cans" anO annular combustors tor aircraft gas 
turbines nave been fabricated primarily of nickel-base alloys or stainless 
steel Sheet materials. Ine need tor complex shapes with holes and louvers 
tor cooMng air injection has mandated reasonable sheet ductility while good 
weldability was deemed important tor structural assemo’y and repair. Cur- 
rent combustors have more holes, baffles, etc., but they still are made of 
ouctile high temperature sheet materials. These trends in combustor mate- 
rials are shown in Fig. 

Higher temperature nickel-base and cobalt-base sheet alloys as well as 
additional insulative oxide coatings are now serving to minimize local burn- 
outs due to combustor hot streaks as well as to reduce thermal fatigue 
cracking and warpage. All of iliese factors contribute to improved component 
lire. The cobalt-base alloys, however, have recently suffered from scarcity 
and price fluctuations, and tne future may see a return to the nickel-base 
sheet materials. 

The insulative oxide coatings - called thermal barrier coatings or TBCs 
- are shown schematically in Fig. j. Iney will be uiscusseu mere fully in a 
later section of this paper. Here, however, it should be noted that the 
ziiConium oxides now in use as Llie insulative layer in these coatings pro- 
vide an additional benefit. Ihey have low radiative absorptance and thus 
reflect thermal radiation from tne burning gases. This results in lower 
neat fluxes to tne combustor liner and further helps keep it cool. This 
factor IS Of growing importance for uti 1 ity/ industria 1 turbines which may 
have to operate on lower quality synethetic liquid fuels. Such fuels are 
expected to nave lower hyorogen-to-carbon ratios resulting in iihire luminous 
f lames. 

Other advanced combustor liner concepts are also being developed. 

Ihese involve the use of segments of rngnly-environmental ly-resistant, 
ox loe-dispersion-strengthened (OUb) iron alloys, such as Iticoloy* MA9t)b^^ 
attached to a more conventional nickel alloy structure. Since these OUS 
alloys can run hotter, they will need less cooling air and thus offer im- 
proved combustion efficiency. Uue to the low strain to failure of the OUS 
materials, however, special design considerations must be given to tneir 
application. Several such OUS combustor design concepts are now being 
explored under tne NASA-Materia Is for Advanced lurbine tngine IMMTt) Program 
uy Pratt and Whitney Aircraft, a film-cooled segmented- louver concept and a 
transpiration-coo led twin-wall concept are shown in Figs. 4la) and (b), 
respectively. Tne program and Uut's Hill programs are also developing 
tne segmented combustor liner concept to reduce the thermal strains imposed 
on such structures. 

In the Automotive uas lurbine (Aul) Program, relatively simple ceramic 
combustor shapes are being designed to oe slip cast of alpha silicon car- 
bide. Current plans indicate that these combustors will be fabricated and 
tested at temperatures to lJUU* C (z3/u* F) in the next year or two. 
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Turbine Airfoil Materials 


The major trends in turoine blade materials is one of continuing in- 
creases in use temperature with time, as shown in Fig. 5. tarly turbine 
blades were made of wrought alloys and were limited to use between 
800*-900* C (1470*-165U* F). More complex gamnia-pr ime-strengthened cast 
alloys allowed use temperatures to increase at a rate of about b* C (9* F) 
per year. Then in the mid 1970's, macrostructural directionality was intro- 
duced in these castings and eventually single crystal turbine blade mate- 
rials were developea. This macrostructural trend is depicted in Fig. 6 
where design changes^^ plus directional ity (Fig. 6-center) allowed the 
elimination of cooling (Fig. o-left) without a reduction in inlet tempera- 
ture. Single crystal blades (Fig. 6-right) will allow increases in operat- 
ing temperature. Since single crystal materials are relatively new, their 
compositions can oe expected lo continue to improve with further effort. 

deyond these more o- Ics- conventionally cast alloys, slowly cooled 
eutectic compositions offer cast-in "fiber" reinforcement and higher use 
temperatures but the slow cooling rates required to maintain proper align- 
ment of the reinforcing phase and the current compositional constraints must 
still be overcome. UUS superalloys will also provide aUoitional strength as 
shown in Fig. 7. Attrition mixing and milling of superalloy and oxide pow- 
ders followed by extrusion and directional recrystallization results in a 
material strengthened by the gamma prin>e phase at temperatures to about 
900’ C (16b0* F) as in cast superalloys. The finely dispersed oxides help 
retain some strength even to temperatures of 1200* C (2190* F).T-i One 
such ganuiia-prime ♦ Ol'S material is the alloy designated inconel* Mm6000. 

This material is also under development for turbine blade use in the NASA 
MATt pi'ogram by the barrctt Turbine Engine Co. This material is similar to 
the Incoloy riAbbo material previously discussed in the advanced combustor 
section. However, the FiAbOOO matrix is a face-centered-cubic nickel-base 
alloy rather than body-centered-cubic iron-base alloy in incoloy MA9b6. 

F iber-reinforced superalloys (FKS) offer a dramatic improvement - about 
100* C (IdO* F) or more - over current blade materials. Current FRS involve 
tne reinforcement of iron-chromium-a luminum-yttrium (FeCrMlY) alloys with 
conventional tungsten lamp filaments (Alloy 218). As shown in Fig. 8, for a 
3b percent fiber volume content this concept offers about a bO percent 
strength improvement at 1100* C (2000* F) over a typical cast superalloy. 
Uhen higher strength fibers become readily available, about a 4X improvement 
in density-corrected rupture strength will be possible. 

Figure y, snows that actual prototype hollow airfoils (after the JT9U 
first-stage turbine blade shape) witn trailing eoge cooling slots have been 
made. The airfoil section was orazed to superai 'oy root blocks. 

Progress in design concepts and materials is continuing. The highly- 
oxidation-resistant FeCrAlY matrix adequately protects the tungsten wires 
from high temperature oxidation, and good thermal fatigue resistance has 
been documented tor this composite. 
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In the oistant future, a ceramic (monolytnic or ceramic-t iber- 
reintorceu) may find use in aircraft turbine blades. However, in tne nearer 
term, silicon nitride or silicon carbide blaues/rotors are being designed, 
fabricated (Fig. lu), and tested primarily under the Abl/CMlt programs. 

M ceramic stator (such as that shown in Fig. 11) has survived 7 udO km 
(4/oU mi) of over-ihe-road operation in a truck engine. 

deyoMd these materials, improvements in turbine blade material perfor- 
mance can be expected either through the use of thertnal barrier coatings on 
tliese advanced metallic materials or by the use of tailored components. 

AS discussed previously, thermal barrier coalings are under development to 
insulate air-cooled combustors and airfoils from the liigh gas temperatures. 
In Fig. U at the top, one can see that tor a convent ional ly coateo super- 
alloyi surface temperatures can reach lUOU* C (18JU* F) or more in a 1J50* C 
(<r4u0 F) gas stream. Mith the addition of a metallic bond coat to improve 
adnerance and an insulative oxide overcoating, an airfoil unoer the sante 
conditions migtit experience metal temperatures of only gUU* C 
(IddO* ine present bond coatings are generally nickel, cobalt, or 

iron-chri.tiiium-a luminum-based materials which provide oxidation resistance as 
well as a rough reactive substrate for lidding on the insulative oxioe. At 
this point in lime, most effort has been focused on various zirconium oxide 
compositions (partially stabilized to minimize tne disruptive pnase trans- 
formations wiiici) occur in the pure oxide), as can be szen in the lower 
right of Fig. !<;, both bond coat compositions and oxide stabilizer (yttrium 
oxide) level can have an important effect on coaling life. Ihus, while 
improveitk’tits have been made over the last several years, continued oppor- 
tunities appear to exist to greatly enhance the performance of the thermal 
barrier coating concept. 

lailoreil components involve assembly of a variety of materials to con- 
centrate those with key properties only where needed or of sub-components 
incorporating cooling scheivs not achievable in normal cast or wrought air- 
foils. Here selected subcomponents are proposed to be combined to mini- 
mize/f aci 1 itale the repair of leading/trai 1 mg edge damage. Other examples 
of this "tailoring" approach include "wafer" airfoils and those made of 
various laminated or woven wire materials. Ihe latter des ign/f abr icat ion 
concepts are aimed at increasing air cooling efficiency to allow cooling 
flow reductions atui engine performance improvements. 

Figure IJ gives one view of the eventual possibilities of combining 
several nigh perl ormance materials into a tailored airfoil, buch a con- 
cept can exploit the best materials for each critical region by using high 
strength alloys in the root and spar and highly environmental ly-resistant 
and, low-cyc le-f at ujue (LeF) resistant alloys at the airfoil edges and tip. 
Inis concept also offers me potential of reduced consumption cf strategic 
eleuK.*»iis. 


fiate nals 

btrengtn trends in turbine disks are shown in Fig. 14. In the past, 
improvements in convent lona I ly cast and wrought disk materials were made 
primarily by compos i t lona 1 modif ications to add strengthening elements, 
bince disks require high strength but operate at only moderate temperatures 
(about DbU* L (IZUU* F ), powder metal lurgical processes have been introduced 
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into oisk fabrication to improve disk homogenity, as well as to allow use of 
even higher strength materials. However, as can be noted in this figure, 
the projected improvements in disk strength are not expected to be great in 
the late 198U's and 199U's. for that reason, new disk design/fabrication 
concepts will be required to meet the higher performance requirements anti- 
cipated for future gas turbine engines. 

F inure 15 reflects the progress that has oeen made in the area of pow- 
der metallurgical fabrication of disks. Here Low Carbon Astroloy was HiP 
(Hot Isostatic Press) formed to a disk shape. Note that "hipping" saves 
approximately 45 kg (lUO pounds) of input material as compared to the con- 
ventional forging process. Also note that such disks are quite heavy 
and thus are presently major consumers of critical materials. 

figure 16 presents one possible concept to enhance the properties of 
disks tor advanced gas turbine service, by initially filling the rim area 
or a powder metallurgy disk "can" with a creep resistant material and sub- 
sequently tilling tne bore area with a different but low-cycle-fatigue 
resistant material, it is also possible to tailor the components' properties 
for the particular requirements involved. This concept builds on the powder 
metallurgy disk technology which has been shown to save material, and it 
conceptually offers a means of concentrating the strategic alloying elements 
at the rim where they are most needed. This approach could also aul in ron- 
serving the use of these elements in the lower temperature regions where 
alternative materials might well be employed. 

The future 


The purpose of this paper was to overview the trends in high tempera- 
ture materials development for gas turbine engines. Three areas were 
briefly discussed: combustor materials, turbine airfoil materials, and tur- 

bine disk materials. In the area of combustors it appears that the use of 
oxide dispersion-strengthened alloy segments on a more-conventional super- 
alloy structure and transpiration-cooled materials offer two ways to reduce 
cooling and extend combustor operating temperatures, further enhancement 
can be expected by the coating of the hot walls with improved thermal 
barrier coatings. In the automotive area, ceramics such as alpha silicon 
carbide appear to offer low cost/nigh temperature potential for combustor 
usage. 

In regard In airfoil materials, one can expect tnat improvements will 
continue in the area of single crystal turbine blades and vanes primarily 
via modification of alloy compositions. It is also possible that combina- 
tions of materials will be assembled into tailored components to offer a way 
to optimize properties or cooling at critical locations on an airfoil, 
beyond that, one can expect a growing interest in the UUS superallo.vs and in 
fiber-reinforced superalloys whereby the oxidation resistant matrix fully 
protects the high strength tungsten fibers from the environment. Such fiber 
reinforcemenl may one day be coupled with a ceramic matrix as well. 

Continued improvement in thermal barrier coatings will, in general, also 
further enhance the opportunities for higher engine operating temperatures. 
Mild if technical progress in ce imics continues at its present rate in sup- 
port Of automotive applications, it can be expected that some of the im- 
proved materials will become ready for consideration in uti 1 ity/ industria 1 
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turbines in the not-too-oi slant future. (Asiae from ceramic turbine shrouds 
ana thermal-barrier coatings, it is not expected that ceramics will be con- 
sidered for man-rated aircraft engine service in the near future). 

finally, in the area of turbine disks, one can anticipate continued 
development and exploitation of the dual alloy concept via powder metallurgy 
or alternative approaches. This concept offers the ability to concentrate 
the key critical elements and high strength materials where they are most 
needed. 

Une can see that these views of the future for gas turbine components 
involve a multiplicity of materials, processes, and designs. We believe 
tnat multiple materials systems, comprised or a number of materials and 
coatings each providing a key property, will become the rule rather the 
exception. While such a future would hold great premise for improved gas 
turbine performance ano component lives, tne increases in component cost and 
complexity could be significant. For this reason, one might also expect 
continued growth of advanced materials processing technology to accompany 
the already significant activities in advanced materials development. 

Higher materials complexity will also require advances in the processes 
needed to repair and refurbish these materials periodically during their 
service life. And, such complexity can also be expected to require improved 
nondestructive evaluation (NUt) methods to assure quality control during 
manufacture and during service. 
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table 1. - TURBINE OPERATING PAkAHETERS 





Approximate 
Life, nr 

Comments 

Aovancea aircr 
turbofans 

134U* C 

(>4i)U* F) 

9 000 

Clean fuel, ppm S 
HP turbines “SO HP/Lb 

Space Shuttle turbopumps 

o90 

(1270) 

10 

High pressure H^ ♦ 
steam, >100 HP /Lb 

Pressurizeo-f luioizeo 
beu turoocompressors 

9B0 

(1700) 

SO OOO 

High Na, K, erosion, 
fouling 

MOvanccu electric 
utl 1 uy turbines 

1B50 

(2820) 

SO ooo 

High S, V, fouling 
multifuel 

Automotive turbines 

129U 

(23bO) 

3 SOG 

Very lew cost, road 
dust, salt, multifuel 
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Figure o. - Tungsten (ibensuperalloy composite blade. 
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Figure 15. - Tailored (abricalion as a process method to conserve strategic materials. 



Figure U. ■ Strength trends ot turbine disk alloys. 
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